The study of wave attenuation in partially saturated porous rocks over a broad frequency range provides valuable information about the fluid system of reservoirs, which are inherently multiple phase fluid system. Until now, not much laboratory data have been collected in the seismically relevant low frequency range and existing literature data on partially saturated rock are very limited. The main goal of our work is to experimentally measure the bulk seismic attenuation on fluid-bearing rocks, using natural rock samples in an efficient way at in situ conditions. We are currently fine-tuning our attenuation measurement prototype. Preliminary bench-top results are promising and show consistency with reported experimental data with dry, partially and fully fluid saturated rocks. Measurements with the machine are accurate and precise.
Introduction
Low-frequency wave propagation in partially saturated rocks is still not well understood because of the lack of precise and reliable experimental measurements. An experimental approach to measure attenuation at low frequencies is therefore not only a scientific problem, but it is also of significant interest for the petroleum industry.
Biot theory is the most commonly used theory to study wave propagation in saturated porous rocks. However, this theory estimates considerable attenuation only for frequencies higher than seismic frequencies. Biot theory has been extended to model attenuation in the low frequency range, with the patchy-saturation models (White, 1975; Dutta and Odé, 1979a; Carcione et al., 2003; Toms et al., 2006) . Patchy-saturation causes high attenuation in low frequency range for realistic material properties (Picotti and Carcione, 2006; Quintal et al., 2009 ). The so-called doubleporosity models also explain attenuation in the low frequency-range (Pride et al., 2004) . However, few laboratory experiments have been performed to investigate real low-frequency effects in partially rocks. Such effects could be used to discriminate water-, gas-, and oil-saturated rocks (Korneev et al., 2004; Goloshubin et al., 2006) and/or focus on difficult petrophysical parameters such as permeability (Masson and Pride, 2007) .
The work done to date can be divided broadly in two classes. The first class deals with high-temperature and high-pressure attenuation and aims to reproduce attenuation that occurs in the deep earth (e.g. Jackson et al., 2002) . These studies were conducted at low frequencies (10 -2 to 10 Hz) to reproduce the attenuation of teleseismic waves, using the forced oscillation technique in torsion. The second class concerns porous rocks. Data available in the literature, especially on porous, permeable sandstone, do not homogeneously cover the low frequency range. The importance of gathering data at high resolution in the frequency domain is imperative since the details of a single mechanistic Kramers-Kronig cycle will likely manifest over a frequency band of about one decade. So far, few laboratories were able to gather accurate data over seismically relevant frequencies between 10 -1 -10 2 Hz at appropriate strain amplitudes <10 -6 (e.g. Batzle et al., 2006; Moerig and Burkhard, 1989; Paffenholz and Burkhardt, 1989) .
Additionally, the most common laboratory techniques have relied on point measurements with strain gauges at one or more locations on a sample. This assumes the samples are homogeneous at the sample scale, notwithstanding pore and fluid mobility dependence of measurements. This assumption has important ramifications on how representative the measurements are even when they are very precise. This is especially significant for rocks with highly heterogeneous porosity systems such as carbonates or shales.
Equipment and measurements techniques
To have precise and accurate measurements over a widerange of experimental conditions, we present a new apparatus that differs from its forerunners in that it can measure in a routine and automated way the bulk attenuation of non-homogeneous and partially or fully saturated samples. The sample is of 60 mm length and 25.4 mm diameter. Our method performs a bulk strain measurement, in contrast to the measurements using strain gauges, which record only a small region of deformation. This is accomplished by measuring the strain across the whole sample with micro-linear variable differential transformers (micro-LVDT). Less than one hour is required to prepare and mount the specimen. In less than 24 hours we can cover the applicable frequency range, from 10 -1 -10 2 Hz, with arbitrary frequency steps of 10 -3 Hz. Our current set-up is installed on the bench and the experiments are currently being conducted at room temperature and pressure. However, the module has been designed and dimensioned for insertion into a Paterson gas rig pressure vessel (Paterson and Olgaard, 2000) . Figure 1 is a sketch of the current operating system. It is comprised of four main elements. (1) A piezo-electric stack actuator (PZ) generates dynamic displacement. A sinusoidal axial compressive stress is applied by the relative vertical displacement of the PZ-actuator. The oscillating frequency range is from 10 -1 to 10 2 Hz with amplitude range between nanometers and micrometers. The composite motor is controlled by a wave function generator. (2) Two displacement measurement modules, which consist of micro-linear variable differential transformers (LVDT). These measure the compression and extension strains of both the sample and a purely elastic standard with a resolution of 10 nm. The strain across the purely elastic standard is the reference signal with which we compare the strain across the sample for any phase lag induced by anelasticity. (3) Two fluid end-cap diffusers with check valves are used to prevent pore fluid moving out of the sample during the experiment. (4) An air driven pore-pressure pump controls the fluid saturation. Fully automatic data acquisition is implemented by a MatLab script, which controls all of the driving and acquisition electronics in the laboratory. The program follows a predefined schedule varying the parameters that control an experimental run. These include output voltage for the wave generator, scales for the oscilloscope, frequency range and step, and fluid pressure. Two experimental techniques were employed to determine and crosscheck the low-amplitude visco-elastic properties of the fluid-pore rock system. The first procedure assumes that the rock behaves as a linear time invariant (LTI) system. Therefore, the attenuation factor Q -1 is equal to the tangent of the phase shift between the input and the output signal. This also corresponds to the ratio between the imaginary and the real part of the transfer function (e.g. Nowick and Berry, 1972, Jackson and Paterson, 1987) . The phase lag is calculated by cross-correlation between the input and output signals. The second method estimates the energy loss by a numerical integration of the stress-strain hysteresis loop (e.g. Peselnick and Liu, 1987) , where the ratio between the dissipated energy represented by the loop area and the total energy stored for each cycle gives Q. This method is independent from any assumption about the linear behaviour of the sample. Therefore, calculating both estimates of Q provides a diagnostic tool for possible nonlinear mechanisms.
Equation 1 shows the relation between quality factor Q, attenuation Q -1 , and the parameters gathered from the experiments, e.g. phase shift θ between the input and output signals, energy loss ∆E and total energy E introduced into the rock, 1 tan 2
The attenuation and, therefore, phase angle for a dry reservoir rock is small. For Q=30, the phase lag θ = 0.033 rad. Thus, a high precision, a high signal/noise measurement is essential. The signals are digitized at a high sampling rate of several orders above the Nyquist sampling frequency, for at least 15 cycles. A zero-phase band-pass filter using a 2 nd order Butterworth filter is applied mainly to remove high frequency electrical noise. A resolution of Q -1 on the order of 10 -3 is routinely obtained. We are currently investigating the small electronic noise on the output signal in the top panel of Figure 2 . It is only problematic at the high frequency range of our measurements, but needs be eliminated in the future.
Cross-correlation of the two filtered signals calculates the phase lag θ. For LTI systems, we also find best-fit sinusoids in a least-squares sense of both signals and extract the phase lag from the parameter space of the fitting algorithm. Both techniques produce reliable data, where the difference between the two mean values is on the order 0.002 radians. Directly from the parametric plots the stiffness of the material is estimated from the slope of the major ellipse axis. For example, in Figure 3 , the Berea sandstone has shortened less (small sample signal voltage) than that of the epoxy in response to the same applied axial force (standard signal).
Results
We report preliminary results conducted at room pressure and temperature as a function of frequency in Figure 4 . The plot is a synthesis of experiments performed with samples of contrasting attenuation properties: aluminium, epoxy, dry Berea sandstone, fully water saturated Berea sandstone and Eclogite. The negative phase indicates that the signals from the standard arrive before those from the anelastic sample in the time domain.
The solid epoxy cylinder is an end-member of highly attenuation material, which shows an absolute phase lag of 0.0800 rad. The Eclogite sample has a value of 0.0180 rad. The dry Berea sandstone (SB), with θ between 0.0041-0.0182 radians displays a higher phase lag than a fully water saturated Berea sandstone (SB + water) 0.0005 at 1Hz. 
Discussion and conclusion
We introduce the bench-top calibration of a new high precision attenuation measurement system for 25.4 mm diameter cylindrical rock samples. We produce a quality dataset over the frequency range of 10 -1 to 10 Hz. The magnitude of finite strain is in the order of 10 -6 . We performed measurements of absolute attenuation across the whole sample rather than point measurements. Extending these preliminary results to temperature and pressure with continuous changes of partial fluid saturation will allow quantitative comparisons with numerical models to understand single and combined mechanisms of energy loss.
The new attenuation measurement equipment is calibrated using aluminium as standard material because the quality factor for aluminium is between 5900 and 20000, depending on the mechanical processing of the sample and the methods used (Toksöz and Johnston, 1981) . The phase lag measured for aluminium is, as it should be, nearly zero ranging from -0.0018 to 0.0080 in the frequency range 10 -1 -10 Hz. For dry Berea sandstone, the absolute phase shift between 0.0041-0.0182 radians corresponds to quality factor Q between 55 and 240 agree with previous results (e.g. 140, Winker et al., 1979) . We believe this confirms the validity of our results.
Performing measurements on dry samples (e.g. Eclogite in Figure 4 ) we can study the anelastic effects due to heterogeneity and micro-cracks in the rock. Earlier experimental investigations (e.g. Paffenholz and Burkhardt, 1989) pointed out how the degree of saturation is correlated with attenuation. The instrument described above has a complete saturation system. Controlling the saturation we can also separate the contribution of anelastic relaxation associated with the stress induced fluid flow. Changes of the bulk modulus of fully saturated porous rock as a function of pore fluid composition can also be measured.
The new results presented here are preliminary data from a new apparatus. More measurements are under way. The signal/noise ratio of the data is being improved, which will be achieved by fine-tuning of the electronics, such as shielding the machine from the external electrical noise and controlling all the surface contacts of the apparatus, that can lead to loss of energy (Peselnick and Liu, 1987) . While carrying out these improvements, we can already state that accurate attenuation data can be acquired in the low frequency range of samples with different mechanical and physical properties. An advantage of the new set-up is ease of use and minimal sample preparation procedures.
Future work will undertake experiments in a Paterson gas pressure vessel controlling temperature, confining pressure and pore pressure to better simulate natural conditions.
